Experiments were conducted to investigate the equilibrium adsorption of benzene by macroreticular resins. Also tested was the adsorption of benzene by macroreticular resins in a countercurrent multistage adsorption process. The experimental data were employed to verify the theoretical predictions by mass balance equations. The test results indicated that a considerable saving in the amount of adsorption resin may be achieved under most circumstances in a multistage adsorption process in achieving the same extent of organic compound removal as in the single-stage process.
INTRODUCTION
Many hazardous organic compounds frequently occur in various industrial wastewaters. The appearance of benzene and other related organic compounds, such as toluene, ethylbenzene and xylene (BTEX), in chemical and petrochemical wastewaters or oil-field producer water is a typical example. Because of their strong toxicity to human and marine life, stringent regulations have been imposed on the concentration levels of these organic compounds in wastewater for safe discharge. Activated sludge treatment has been the most widely used method for dealing with wastewater containing BTEX. This method is convenient and inexpensive to operate, but it is not effective under most circumstances (Metcalf and Eddy 1991) . In recent years, a major research effort has been focused on the adsorption method, including that employing macroreticular resin (Fox 1975 (Fox , 1978 Crook et al. 1978; Cornel and Sontheimer 1986; Gallup et al. 1996) , activated carbons (Noll et al. 1994; Furuya et al. 1997 ) and organoclays (Cadena et al. 1990; Jaynes and Vances 1995) . Among adsorption methods employing various adsorbents, that by macroreticular resins appears to be promising due to its good adsorption efficiency and easy regeneration.
Fox (1975, 1978) , Crook et al. (1978) , Cornel and Sontheimer (1986) and Gallup et al. (1996) have reported valuable results from experimental tests on many practical and theoretical aspects of the column adsorption process. Many examples of the practical industrial application of this process were also illustrated in these studies. The purpose of the present study was to investigate the countercurrent multistage adsorption process. The main reason for considering this system was the fact that stagewise adsorption operations have many advantages which a column process lacks in terms of operational efficiency and flexibility (Treybal 1980) . Such an adsorption system has received little attention in previous investigations. Experiments were conducted to establish the equilibrium isotherms of the adsorption system. Also performed were experimental tests using a two-adsorption system. The observed results, along with the theoretical calculations (Treybal 1980), verified the advantage of the multistage adsorption process.
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EXPERIMENTS AND DISCUSSION
To demonstrate the application of mass balance equations and to verify the advantage of the multistage adsorption process, bench tests were conducted to gather data for this purpose. A two-stage adsorption process was illustrated experimentally.
The macroreticular resins employed were Ambersorb 563, 572 and 600 as obtained from Rohm & Haas Co., Philadelphia, PA, USA. These are partially pyrolyzed resins of sulphonated styrene/ divinylbenzene polymer. Their BET surface areas, as measured by a Micromeritics ASAP 2000 instrument (Micromeritics Instrument Corp., Norcross, GA, USA), pore volumes and other properties are listed in Table 1 . For pretreatment, the macroreticular resins were washed several times with hexane and deionized water and dried at 40ºC in an electric oven for over 24 h. They were then placed in a desiccator for cooling.
The organic compound (Benzene) was a GR grade solvent, as obtained from E. Merck GmbH (Darmstadt, Germany). The stock solution was prepared by mixing an appropriate quantity of the solvent with deionized water. To determine the equilibrium adsorption capacities of the Ambersorb resins, a 250-ml Erlenmeyer flask was placed in a constant temperature bath, 250 ml of the stock solution was placed in the flask and 0.3 g or a known amount of pretreated Ambersorb resin added. The flask was completely sealed. The speed of the constant temperature shaker was set at 100 cycles/min. After a test run was started, the flask was opened periodically and a small sample of the aqueous solution taken for benzene concentration measurements. A Hewlett-Packard gas chromatograph (model 5890, series II, Hewlett-Packard Instrument Co., CO, USA) equipped with an FID detector and a Carbopack SP-1000 packed column was used for determination of the concentration of the organic material. The batch equilibrium test run was continued for over 16 h to ensure adsorption equilibrium had been reached. Each of the equilibrium batch runs was repeated at least once to ensure the accuracy of the data obtained.
Two general adsorption isotherms that may be used to describe the equilibrium adsorption relation are the well-known monolayer Langmuir and empirical Freundlich models (Ruthven 1984) which are represented by the equations: abC e q e = ------(1) 1 + bC e q e = KC e 1/n (2) where q e and C e are the equilibrium adsorption capacity and the equilibrium concentration of benzene in the aqueous solution, respectively, and a, b, K and n are constant isotherm parameters. The results of the present equilibrium adsorption tests reveal that the Freundlich isotherm represents the observed data considerably better than the Langmuir isotherm, as shown in Figure 1 . The isotherm parameters obtained from the model fit are listed in Table 2 . The model fit was very good indeed as demonstrated by the value of the correlation coefficient, r 2 , which was close to unity. To illustrate the multistage adsorption operation, experiments were conducted using a two-stage process as an example. For the single-stage adsorption, 0.3 g of Ambersorb 572 was added at 30ºC to 250 ml of an aqueous solution with an initial benzene concentration of 500 mg/l. After equilibrium was achieved, the remaining benzene concentration was found to be 70.1 mg/l with an 86% benzene removal. To achieve the same benzene removal for a two-stage process, the theoretical inter-stage benzene concentration and the theoretical amount of resin required were obtained numerically using the theoretical equations given by Treybal (1980) and were equal to 0.246 g and 423 mg/l, respectively. In the experimental tests, the addition of 0.246 g of Ambersorb 572 to 250 ml of an aqueous solution containing an initial benzene concentration of 423 mg/l ended up with 61.7 mg/l after equilibrium was reached.
The Ambersorb 572 was separated from the aqueous solution and added to a fresh batch of 250 ml aqueous solution containing 500 mg/l benzene. The equilibrium benzene concentration achieved for this adsorption stage was 400.8 mg/l which did not agree with 423 mg/l which had originally been estimated, although the final 61.7 mg/l benzene concentration was better than the benzene removal achieved in a single-stage process. This means that either the amount of adsorption resin used was larger than necessary or the inter-stage benzene concentration was too low or both.
According to our previous test results, the amount of adsorption resin would be a more effective factor than the inter-stage benzene concentration in the trial-and-error experimental process. Hence, it was decided to reduce the amount of adsorption resin to ca. 0.1 g and to simultaneously lower the inter-stage benzene concentration to 220 mg/l as a second trial. Invoking the same experimental procedure yielded 202 mg/l inter-stage and 50.1 mg/l final benzene concentrations, respectively. The results from these two and further experimental tests are recorded in Table 3 . The data listed show that the run with 0.12 g Ambersorb and 242 mg/l inter-stage benzene concentration approximately satisfied the requirements, although the 73.4 mg/l final benzene concentration was a little higher than the 70.1 mg/l realized in the single-stage process. The most important result observed here is the considerable saving (60%) in the amount of adsorption resin needed (0.12 g for the twostage process versus 0.3 g for the single-stage process) to achieve the same benzene removal efficiency.
CONCLUSIONS
Benzene adsorption by new types of commerically available macroreticular resins (Ambersorb) in a multistage process was investigated experimentally. The test results indicate that the equilibrium adsorption process can be represented by the empirical Freundlich isotherm. Material balance equations were adopted for estimating the inter-stage benzene concentrations and the amount of adsorption resin required to achieve a desired organic removal. A two-stage process was illustrated experimentally and theoretically to demonstrate the advantages of the multistage adsorption process. Observations from the experimental tests revealed that a considerable saving (60% for the particular two-stage process employed) in the amount of adsorption resin could be realized in comparison to the single-stage process. Hence, the multistage adsorption process is justified and highly recommended.
